tem results in a poor microbial activity and productive potential of soil (Kang et al., 2005) . Phosphate-solubilizing bacteria (PSB) are well known to promote plant growth because of their ability to convert an insoluble form of P to a soluble form by the process of acidification, chelation and exchange reactions that can be readily taken up by the plant roots. Acid phosphatases and phytases secreted by P-solubilizing microorganisms also have an important role in phosphate solubilization (Relwani et al., 2008) . In addition to P-solubilization, PSBs may also improve the plant productivity by producing other secondary metabolites. Several evidences related to plant growth promotion by PSBs through the production of indole acetic acid (IAA) and siderophore make the PSBs more suitable as biofertilizers (Hariprasad and Niranjana, 2009 ). Inoculation of P-solubilizing microorganisms showed improvement in growth and yield of different crops (Omar, 1998) . Keeping in mind the effect of conventional (chemical fertilization) methods and organic farming practices on diversity and productivity of microorganisms, in the present investigation we have isolated P-solubilizing bacteria from the rhizospheric soil of an organic farm and studied their impact on the yield of maize and on soil fertility in an organic field.
Materials and Methods
Isolation and screening of PSBs. Rhizospheric soil samples were in sterile plastic bags collected from the organic farm at Pojewal, Punjab, India under Stevia rebaudiana plants. Samples were collected at 0 10 cm depth, brought to the lab and stored at 4 C. Soil samples were analyzed for their physiochemical properties. Soil was loamy sand in texture, with pH: 8.4, electric conductivity: 0.14 mScm 1 , organic carbon: 0.4%, organic matter: 0.7 mg, available P: 4.0 mg kg 1 , total P: 219 mg kg 1 and total nitrogen: 0.03%. For isolation of P-solubilizing bacteria, soil samples were serially diluted in sterile physiological saline by the serial dilution method and spread plating was done on Pikovskaya s agar plates (Pikovskaya, 1948) supplemented with 0.5% tri-calcium phosphate as the sole P source and incubated at 30 C. further studies. Quantitative analysis of soluble P was determined by growing these isolates in PKV medium supplemented with tri-calcium phosphate (TCP) (equivalent to 100 mg P 2 O 5 per 100 ml medium). Soluble P content in the supernatant was spectrophotometrically estimated by the chlorostannous reduced molybdophosphoric acid blue method (Jackson, 1973) and was expressed in terms of µg ml 1 phosphorus released in culture medium. Isolates showing maximum P-solubilization in TCP were further screened for rock phosphate (RP) solubilization by supplementing RP equivalent to 100 mg P 2 O 5 /100 ml. Rock phosphate used in this study was obtained from Rajasthan State Mines and Minerals, Ltd., Udaipur, India. The chemical constituents of the RP were: 31.5% P 2 O 5 , 45.4% CaO, 3.4% MgO, 8.4% Al 2 O 3 , 3.1% fluoride, 0.044% organic carbon and 0.003% available P. Acid and alkaline phosphatase activities were estimated using a method described by Tabatabai and Bremner (1969) and phytase activity by Heinonen and Lahti (1981) . Organic acids exudated by bacterial isolates during P-solubilization were determined using an HPLC method as described in Relwani et al. (2008) . Two isolates (PSB-3 and PSB-5) showing maximum P sloubilizing activity were selected for further studies.
Biochemical and 16S rDNA sequence analysis. Biochemical characteristics of the selected bacteria (PSB-3 and PSB-5) were studied by performing Gram staining, a motility test, the Methyl red-Voges-Proskauer (MR-VP) test, indole production, citrate utilization, oxidase, catalase, nitrate reduction, urease, cellulose utilization, starch utilization, and an acid-gas production test by utilization of different carbon sources (glucose, lactose, fructose, and sucrose) as per standard methods described in Bergey s Manual of Systematic Bacteriology (Holt et al., 2000) . Susceptibility towards different antibiotics was observed by using a Himedia kit-HK001-1PK (Himedia, Mumbai, India) as per the manufacturer s instructions.
Genomic DNA was extracted from cultures grown overnight and 16S rRNA genes were amplified as described in Karn et al. (2010) . The amplicons were purified with a QIA gel extraction kit (Qiagen, Germantown, MD), and ligated into the pGEM-T easy vector as per the manufacturer s instructions (Promega, Inc., Madison, WI). Ligated plasmids were transformed into Escherichia coli DH5a cells and recombinant clones with inserts were sequenced (DNA Sequencing Facility, Delhi University, India). The sequences were compared against the available DNA sequences in Ez Taxon-e database (http://ez taxon-e-ezbiocloud.net) (Kim et al., 2012) . The phylogenetic tree (Neighbor Joining) was constructed using the MEGA 5.1 (Tamura et al., 2011) software and the bootstrap values were inferred from 1,000 replicates.
Indole acetic acid (IAA) production. Indole acetic acid (IAA) production was analyzed in nutrient broth with supplementation of 0.1% L-tryptophan and without addition of L-tryptophan. IAA was assayed by the colorimetric method using ferric chloride-perchloric acid reagent (FeCl 3 -HClO 4 ) (Gordon and Paleg, 1957) .
Hydrogen cyanide (HCN) production. HCN production was tested by the method of Bakker and Schippers (1987) . Briefly, the bacterial isolates were inoculated on Petri dishes containing nutrient agar supplemented with glycine (4.4 g L 1 ). A Whatman No. 1 filter paper soaked in 2% (w/v) sodium carbonate in 0.5% (w/v) picric acid solution was placed inside the lid of a Petri dish. The plate was then sealed with parafilm and incubated at 30 C for 2 days. A change in filter paper color from yellow to reddish brown was considered to be an indication of HCN production.
Siderophore production. Bacteria were tested for production of siderophores by the method of Schwyn and Neilands (1987) using chrome azurol S (CAS) agar plates. The siderophore levels produced by the isolates were recorded as the diameter of the orange halo produced by the colony. The presence of catechol and/or hydroxamate siderophores in culture supernatants obtained from bacteria grown in CAS broth (succinic acid: 4.0 g, K 2 HPO 4 : 3.0 g, (NH 4 ) 2 SO 4 H 2 O: 0.2 g, and distilled water: 1 L, at pH: 7.0) was determined by the method described by Neilands (1981) . For this 1 ml of culture supernatant (centrifuged at 10,000 for 10 min) and 3 ml of freshly prepared 2% aqueous FeCl 3 solution were added and the absorbance between 200 and 600 nm was recorded. A peak at 420 450 nm indicated the presence of ferrate hydroxamate siderophore.
Field experiment. To test the efficacy of these two bacterial isolates, a field experiment was conducted in an organic field at Pojewal, Punjab. The site is situated at 31.65 N latitude and 76.26 E longitude and falls under the sub-mountain undulating agroclimatic region of Punjab State. The region possesses a dry subhumid type of climate. The experiment was designed with a complete randomized block design with three replications. The treatments consisted of: soil; soil + PSB-3; and soil + PSB-5. Bacterial strains were inoculated as a seed treatment. For the seed coating of bacterial strains, surface sterilization of seeds was performed by dipping them in 95% ethanol for 3 min and 3% sodium hypochlorite for 5 min, and subsequently washing them with sterile distilled water followed by treatment with slurry containing 40% gum arabic and 10% sugar solution and bacterial suspension. Seeds treated with 40% gum arabic and 10% sugar solution that did not contain bacterial suspension served as a control. Seeding of maize variety DKC-9106 was done in July, 2011. At the time of seeding the size of inoculum per maize seed was 2.5 3.0 10 5 cfu. All the plots were irrigated once before the sowing to ensure proper germination of seeds and then regularly during crop growth. Nitrogen fertilizer at 272 kg ha 1 was used in the form of urea as per agronomic practices. No other conventional fertilizers were used during the experiment. The crop was harvested in October, 2011. From each plot, 10 randomly selected plants were uprooted and shoot height, shoot and root dry biomass were measured. Grain yield was recorded for the entire plot. Total phosphorus content in plant samples were determined by the Vanado-molybdo-phosphoric yellow color method described by Kitson and Mellon (1944) . For soil analysis, rhizospheric soil was collected (5 10 cm depth) from 10 randomly selected plants and a composite sample was prepared for each plot. Soil samples of each plot were analyzed for their organic carbon (Walkley and Black, 1934) , available P (Olsen et al., 1954) , acid and alkaline phosphatase activity, phytase activity and dehydrogenase activity (Casida, 1977) .
The data were analyzed by analysis of variance (ANOVA) and the means were compared with Tukey s test at p<0.05. All the analyses were performed using GraphPad Prism (5) software.
Results

Isolation and screening of PSBs
A total of 12 PSBs were isolated from the rhizospheric soil of Stevia rebaudiana plants grown on an organic farm, showing more than 5 mm zone of solubilization on PKV agar plates. These were further screened for TCP solubilization and two isolates, PSB-3 and PSB-5, showed maximum P solubilization (Table 1) .
Rock phosphate (RP) solubilization
Both the isolates were able to solubilize insoluble RP and the maximum amount of P was recorded on day 5. The pH reduction which was observed corresponds to the respective increase in soluble P concentration ( Fig. 1 ). PSB-3 solubilized 253 µg P ml 1 and PSB-5 271 µg P ml 1 . P-solubilization was accompanied by a decrease in the pH of the culture filtrate up to 3.7 in both cases from the initial pH of 7.2. Both the isolates were able to produce significant amounts of acid phosphatase, alkaline phosphatase and phytase enzymes in the RP-amended medium. The main organic acids produced by these isolates were oxalic acid, gluconic acid and succinic acid. Production of gluconic acid was higher than that of other organic acids (Table 2) .
Identification of selected PSBs
Biochemical characterization of both the isolates is presented in Table 3 . 16S rRNA sequence analysis using the Ez Txzon-e database revealed that the most closely related type strain for PSB-3 is Pantoea cypripedii, which showed 98.67% similarity. For PSB-5, the most closely related sequence is Pseudomonas plecoglossicida, with 99.78% similarity. Phylogenetic analysis also grouped PSB-3 with P. cypripedii and PSB-5 with P. plecoglossicida (Fig. 2) . 16S rRNA gene sequences determined in this study were deposited in GenBank of the NCBI under the accession numbers JX556216 and JX556217 for PSB-3 and PSB-5, respectively.
Indole acetic acid, HCN and siderophore production
Indole acetic acid (IAA) production was detected in both isolates with and without addition of L-tryptophan but the rate of IAA production was higher in presence of L-tryptophan. Maximum production was observed after 5 days of incubation in nutrient broth supplemented with 0.1% L-tryptophan. IAA production in the presence of L-tryptophan was found to be greater in the case of P. cypripedii (92.9 µg ml 1 ) as compared to P. plecoglossicida (26.9 µg ml 1 ) ( Table 2 ). Both isolates were negative for HCN production, as no change in color of filter paper from yellow to reddish brown was observed. Siderophore production was confirmed by the development of an orange halo zone around the bacterial colonies on the CAS agar plate. Siderophore production activity of both the isolates was similar (1.5 and 1.6) as calculated by the z/c ratio where z is the colony diameter plus orange halo zone diameter and c is the dia. of the colony (Table 2 ). The supernatant was further tested for the detection of the catechol and hydroxamate type of siderophores, because CAS Values sharing a common letter within a column are not significant at p 0.05; values are mean SD (n=3).
Fig. 1. Phosphorus solubilization and pH reduction by (a) Pantoea cypripedii (PSB-3) and (b)
Pseudomonas plecoglossicida (PSB-5) in Pikovskayas broth having rock phosphate (equivalent to 100 mg P 2 O 5 /100 ml) as the sole phosphate source during 9 days of incubation. P-solubilizing bacteria on an organic farm assay does not indicate the type of siderphores being produced. When 3 ml of freshly prepared 2% of aqueous FeCl 3 solution was added to 1 ml of culture supernatant of both the isolates, and the absorbance between 200 and 600 nm was recorded, maximum absorbance was obtained at 425 nm. This indicates the hydroxamate nature of the siderophores produced by both the isolates.
Field experiment
A field experiment was undertaken to evaluate the effectiveness of these bacteria on improvement in crop productivity and soil fertility in a maize crop on an organic farm. Inoculation of these strains significantly increased the grain yield up to 18% and total P uptake in maize grains, shoot and root up to 26%, 22% and 42% respectively in all treatments compared to the uninoculated control soil (Table 4) . The available P level and organic carbon level were significantly improved up to 40% and 45% in all treatments compared to uninoculated soil. Dehydrogenase, acid phosphatase, alkaline phosphatase and phytase enzyme activities were significantly higher in all the treatments than in uninoculated soil. Phytase activities were significantly higher in all the treatments compared to acid and alkaline phosphatase activities (Table 5) .
Discussion
In the present study two efficient phosphate-solubilizing bacteria isolated from rhizospheric soil of Stevia rebaeediana were identified as P. cypripedii and P. plecoglossicida. Although earlier studies on phosphate solubilization and plant growth promotion activities of these genera have been reported, they were isolated from the rhizospheric soils of conventional farming systems and from other natural habitats, not from organic fields. Both the strains solubilized RP in culture medium and there was a significant increase in P solubilization with a reduction in the pH of the culture supernatant. Himani and Reddy (2012) showed a significant relationship between quantities of phosphate solubilized and drop in pH of culture filtrate. The P-solubilizing activity is also determined by the biochemical ability of the bacteria to produce and release organic acids. Both the isolates used in this study produced significant amounts of organic acids in RP-amended medium. Gluconic acid was found to be predominant in both the isolates. Gluconic acid seems to be the most frequent agent of mineral phosphate solubilization (Illmer and Schinner, 1992) . The major microbiological means by which the insoluble P compounds are mobilized is by the production of organic acids, accompanied by acidification of the medium. Both isolates produced acid phosphatase, alkaline phosphatase, and phytase enzymes in the RP-amended medium. Positive correlation between phosphate solubilization capacity and phosphatase activity was observed. Relwani et al. (2008) suggested that both acid phosphatase and phytase play a major role in P solubilization, apart from other phosphate solubilization mechanisms.
It is desirable that P-solubilizers have additional plant growth-promoting properties like IAA-and siderophore-production ability. Root-colonizing bacteria (rhizobacteria) that exert beneficial effects on plant development via direct or indirect mechanisms have been defined as plant growth-promoting rhizobacteria (PGPR) (Nelson, 2004) . PGPR enhance plant productivity by a range of direct/indirect mechanisms. Direct promotion of growth by PGPR occurs when rhizobacteria produce metabolites that promote plant growth such as auxins as well as through the solubilization of phosphate minerals (De Freites et al., 1997) . Indirect growth promotion occurs through the elimination of pathogens by the production of siderophores. The present study clearly revealed that both the isolates used in this study had the ability to produce IAA and consequently, should be considered as IAA-producing rhizobacteria. Production of IAA, even without addition of a precursor, indicated that the bacteria were actively involved in the synthesis of IAA in pure culture. Pantoea cypripedii showed higher production of IAA as compared to P. plecoglossicida both in the absence and presence of tryptophan, but production was more comparable when tryptophan was used. Production of IAA by Pseudomonas fluorescens RAF15 was observed only in the presence of L-tryptophan (Park et al., 2009) . Contrary to this, we observed that both the isolates were able to produce IAA without tryptophan as well. In the case of P. cypripedii there were 12-fold increases of IAA production and for P. plecoglossicida a 4-fold increase was recorded when L-tryptophan was added to culture medium, in comparison with culture growing without tryptophan. This shows that these strains probably synthesize IAA through tryptophan pathways. The culture supernatant of both isolates by the addition of 2% of aqueous FeCl 3 solution showed λ max in at 420 430 nm, indicating the presence of the hydroxamate type of siderophores. Howell et al. (1988) indicated that some bacterial species such as Pseudomonas putida act as antagonists, inhibiting the growth of pathogens through production of siderophores. The deficit of available iron to pathogens might have resulted in the death of the pathogenic microorganisms.
The results obtained in vitro cannot always be dependably reproduced under field conditions. Further evaluation of both the isolates on a soil-plant system was done to uncover their efficacy as plant growthpromoting bacteria. The field study found a significant increase in total P uptake in plants and grain yield after inoculation of these bacteria. Hameeda et al., (2008) reported maize growth promotion by inoculating two phosphate-solubilizing bacteria, Serratia marcescens and Pseudomonas sp., isolated from compost. Khalimi et al. (2012) showed that Pantoea agglomerans effectively promoted rice growth and increased the yield. The available P levels and organic carbon were significantly improved in all treatments compared to the initial values. The changes in soil organic carbon contents were directly associated with changes in microbial biomass carbon and biological activity in soil (Nakhro and Dkhar, 2010) . The significant increase in available P might be due to better utilization of P from the pool of soil nutrients by the action of PSB (Mamta et al., 2010) . All the treatments showed a drop in pH values of the soil compared to the control. This may be attributable to the ability of such microorganisms to excrete organic acids, thereby decreasing the pH and increasing the concentration of soluble phosphorus in the soil by mechanisms involving chelation and exchange reactions (Vassilev et al., 1996) . The dehydrogenase, acid phosphatase, alkaline phosphatases and phytases enzyme activities of all the treatment soils were higher as compared to control soil. The increase of soil enzyme activities upon inoculation observed in this study is sup-ported microbial build-up in the rhizosphere (Tarafdar and Rao, 1996) . In all the treatments phytase enzyme activities were more pronounced than phosphatase enzyme activities, as reported by Aseri et al. (2009) that microbes execute extracellular phytase activity many times more than extracellular phosphatase activity. Simultaneous exudation of phosphatases could increase P solubility, by releasing bound organic phosphates and its mineralization by increasing the rate of hydrolytic cleavage (George et al., 2002) .
Conclusion
From the present study it was concluded that P. cypripedii and P. plecoglossicida isolated from an organic field are efficient phosphate solubilizers. Inoculation of these bacteria significantly increased the plant growth, organic carbon and available P level in soil as well as P uptake in plants and also the crop yield. This is the first report on phosphate solubilization and plant growth promotion activity by P. cypripedii and P. plecoglossicida strains isolated from rhizospheric soil of an organic field and their effect on the yield of a maize crop grown in an organic field. The results of the present study suggest that inoculation of plant growth-promoting rhizobacteria isolates from an organic field is a good tool to enhance the yield and to improve the soil s available P level in organic farming without the use of chemical phosphorous fertilizers for sustainable cultivation.
